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$i\partial_{t}\Psi_{t}=H_{Q}\Psi_{t}$ , $Q=p,D$, (1.1)
$\{e^{-1lH_{Q}}\}_{t\epsilon n}$ $e^{-1tH_{Q}}\Psi_{0}$ .
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. $A$ ‘$\sqrt{}$‘ $=$ , $B$
. $K_{I}$ $\mathcal{K}_{p}\otimes \mathcal{K}\iota$ ,
$K=K_{0}+\epsilon K_{I}$ , $\epsilon\in \mathbb{R}$ ,
1600 2008 68-91 68
. $K_{0}$ .
, $K_{0}$
. 1 . $K$
. [Ara02, $Hir05b$] .
1: $K_{0}$
,
threshold . Complex dilatation
$K0$ 2
, , . 2




2: Complex dilatation $K_{0}$
, ,





















1.1 $K$ $\sigma(K)$ . $E(K)= \inf\sigma(K)$
. $dimKer(K-E(K))\geq 1$ $K$ $Aa$
$\varphi_{g}\in Ker(K-E(K))$ .
$T$ , $(\varphi_{g}, T\varphi_{g})$ . $\varphi_{g}$ $F$
$(F, \varphi_{g})>0$ ,










. 1 . $(f\otimes 1, e^{-tK}g\otimes 1)$
. $\epsilon=0$
$(f\otimes 1,e^{-tK_{0}}g\otimes 1)\kappa_{p}\otimes\kappa_{f}=(f, e^{-tA}g)_{\mathcal{K}_{p}}(1,e^{-tB}1)_{\mathcal{K}_{i}}=(f,e^{-tA}g)_{\mathcal{K}_{p}}$
, $\epsilon\neq 0$
$(f\otimes 1,e^{-tK}g\otimes 1)_{\mathcal{K}_{p}\Phi \mathcal{K}_{l}}=(f,e^{-tKff}\cdot g)_{\mathcal{K}_{p}}$ (1.3)
$\mathcal{K}_{p}$ $K_{eff}$ .
. 4 , (1.3)
. .











. $\mathbb{R}^{d}$ $\mathcal{W}=C([0, \infty);\mathbb{R}^{d})$
. $\mathcal{W}$ , $\mathcal{F}$ . $\mathcal{F}$ 3
$\bigcup_{n\in N}\bigcup_{0\leq t_{1}<\cdots<t_{n}<\infty}\{w\in \mathcal{W}|(w(t_{1}), \ldots, w(t_{\mathfrak{n}}))\in A_{1}x\cdots xA_{n}, A_{j}\in \mathcal{B}(\mathbb{R}^{d}),j=1, \ldots, n\}$
. $d$
$\Pi_{t}(x)=(2\pi t)^{-d/2}\exp(-|x|^{2}/(2t))$
. , $(\mathcal{W}, \mathcal{F})$ Wiener $P^{x},$ $x=x_{0}\in R^{d}$ , .
$P^{x}(w(t_{1})\in F_{1}, \cdots,w(t_{\mathfrak{n}})\in F_{n})$
$= \int_{F_{1}x\cdots xF_{*}},(\prod_{=1}^{n}\Pi_{t_{j}-t_{j-1}}(x_{j}-x_{j-1}))dx_{1}\cdots dx_{n}$ , $F_{1},$ $\ldots,$ $F_{n}\in \mathcal{B}(R^{d})$ ,
. coordinate $mapp_{\dot{i}}g$
$B_{t}(\cdot):\mathcal{W}arrow \mathbb{R}^{d}$ , $\mathcal{W}\ni wrightarrow w(t)$ ,
$x\in \mathbb{R}^{d}$ . (1) $P^{x}(B_{0}=x)=1,$ (2) $B_{t}(w)$ $t$
, (3) $\{B_{t}:-B_{t:-1}\}_{1\leq t\leq n}$ , , $t_{:}-t_{i-1}$ .
$E^{x}[\cdots]=\int\cdots dP^{x}$ . $B_{t}$ $\Pi_{t}$ $E^{x}[f(B_{t})]=\int\Pi_{t}(x-y)f(y)dy$ .
. $[0, T]$ $0=t_{0}<t_{1}<\cdots<t_{\mathfrak{n}}=T$ .
$\phi(t, w)=\sum_{j}^{n}=0f_{j}(w)1_{[t_{j},t_{j\dotplus 1})}(t)$
$\int_{0}^{T}\phi(t,w)dB_{t}$ $:= \sum_{j=0}^{n}f_{j}(w)\cdot(B_{t_{j+1}}(w)-B_{t_{\dot{f}}}(w))$ (2.1)
. $\bm{E}^{x}[(\int_{0}^{T}\phi(t, w)dB_{t})^{2}]=E^{x}[\int_{0}^{T}|\phi(t, w)|^{2}dt]$ . $f(t,w)$
$I_{T}= \int_{0}^{T}f(t, w)dB_{t}$ (2.2)
. $\mathcal{F}_{t}=\sigma(\{B_{s}, 0\leq s\leq t\})$ 4. $f(t, w)$ : $\mathbb{R}+x\mathcal{W}arrow \mathbb{R}$
. (1)f(t, $\cdot$)} $\mathcal{F}_{t}$ , (2) $E^{x}[\int_{0}^{T}|f(t, w)|^{2}ds]<\infty$ . $I_{T}$
(2.1) $L^{2}(\mathcal{W}, dP^{x})$ . , $f$
$\underline{E^{X}[\int_{0}^{T}|}f(t, w)-\phi_{n}(t, w)|^{2}dt]arrow 0$
$3\mathcal{B}(O)$ $O$ .




. $(I_{t})_{t\geq 0}$ $(\mathcal{W}, \mathcal{F}, P^{x})$ , $E^{x}$ $[It]=0$ , $E^{x}[I_{t}^{2}]=$
$E^{x}[\int_{0}^{t}|f(s, w)|^{2}d_{S}]$ . $f=(fi, \cdots, f_{n}),$ $f_{\mu}\in C_{b}^{2}(\mathbb{R}^{d})$ , 5
$\lim_{narrow.\infty}\sum_{j=1}^{2^{n}}\frac{1}{2}(f(B_{jt/2^{n}})+f(B_{C-1)t/2^{n}}))\cdot(B_{jt/2^{n}}-B_{(j-1)\iota/2^{n}})=\int_{0}^{t}f(B_{\epsilon})\cdot dB_{8}+\frac{1}{2}\int_{0}^{t}\nabla\cdot f(B_{\epsilon})ds$
(2.3)
. $$ $B^{\backslash }\emptyset$ $\int_{0}^{t}f(B_{\epsilon})\circ dB_{l}k\mathfrak{F}$ $\langle$ .
2.2 L\’evy Le’vy-Khintchine
L\’evy . $(S, S, P)$ , $(S_{t})_{t\geq 0}$ $S$
(filter) . $E_{P}[\cdots]=\int\cdots dP$ . $(\eta_{t})_{t\geq 0},$ $\eta_{t}(\cdot)$ : $Sarrow \mathbb{R}^{d}$ , L\’evy
(1)$-(4)$ . (1) $P(\eta_{0}=0)=1,$ (2) $\{\eta_{t}:-\eta_{t}:-1\}_{1<i<n}$
, (3) $\eta_{\epsilon+t}-\eta$, $s$ , (4) $\eta_{t}(w)$ $t$ ,
. L\’evy .
$P( \eta_{t}=n)=\frac{(\lambda t)^{n}}{n!}e^{-\lambda t}$
$N^{x}$ L\’evy $(\eta_{t})_{t\geq 0}$ intensity $\lambda>0$ . $0$
$\mathcal{B}_{0}(\mathbb{R}^{d})=\sigma(\{U\in \mathcal{B}(\mathbb{R}^{d})|\overline{U}\neq 0\})$ . $t=s$
$\eta_{t}$
$\Delta\eta_{s}=\eta_{\epsilon}-\eta_{\iota-}$ . $\Delta\eta_{s}=0$ , $\eta_{t}$ $t=s$
, . $t>0$ , $U\in \mathcal{B}_{0}(\mathbb{R}^{d})$
$N(t, U)= \sum_{0<\leq t}1_{U}(\Delta\eta,)$ (2.4)




$\nu(\cdot)$ : $\mathcal{B}_{0}(\mathbb{R}^{d})arrow \mathbb{R}$ L\’evy . . $\int_{|z|<1}\nu(dz)=$









$\alpha\in \mathbb{R},$ $\sigma\in \mathbb{R}^{d},$ $B_{t}$ $N(t, U)$ $(S, S, P)$ .
L\’evy . (2.7) $\eta_{t}$
$E_{P}[e^{iu\eta_{t}}]=e^{t\psi(u)}$ $\mathbb{R}^{d}$ L\’evy $\nu$ , $A$ $\beta\in \mathbb{R}^{d}$
$\psi(u)=i\beta\cdot u-\frac{1}{2}u\cdot Au+\int_{R^{d}}$($e^{iuz}-1$ -iuz$1_{|z|\leq 1}$ ) $\nu(dz)$ (2.8)
. .
223 $(A, \beta, \nu)$ , $A,$ $\beta\in \mathbb{R}^{d},$ $\mathcal{B}_{0}(\mathbb{R}^{d})$ $\nu$ $\nu(\{0\})=0$
$\int 1\wedge z^{2}\nu(dz)<\infty$ , , (2.8) L\’eVy $(\eta_{t})_{t\geq 0}$ .
L\’evy .
23 $L^{2}(M, d\rho)$ $T$ $f\geq 0$ $Tf\geq 0$ $T$
(positivity preserving operator) . f\geq 0( $f\not\equiv 0$) $Tf>0$
(positivity improving operator) .
$e^{t\Delta}$ $\Pi_{t}(x-$ , $e^{t\partial_{x}}$
$f\mapsto f(\cdot+t)$ .
2.4 $F;\mathbb{R}^{d}arrow \mathbb{C}$ . $e^{-tF(-i\nabla)}$
22 3 $(A, \beta, \nu)$
$F(u)=i \beta\cdot u+\frac{1}{2}u\cdot Au-\int_{R^{d}}(e^{*uz}-1-iuz1_{|z|\leq 1})\nu(dz)$ (2.9)
. (2.7) .
Ito . $(\Omega, \mathcal{B}_{\zeta f}, P_{\Omega})=(W\cross S,\mathcal{F}\cross S, P^{0}\cross P)$ ,
$E_{P_{\Omega}}[\cdots]=\int\cdots dP_{\Omega}$ . $\mathcal{B}_{t}=\mathcal{F}_{t}xS_{t}$ . $g(t, z, w):\mathbb{R}_{+}\cross \mathbb{R}^{d}\cross\Omegaarrow \mathbb{R}$ (1) $g(t, \cdot, \cdot)$
$\mathcal{B}_{0}(R^{d})\cross \mathcal{B}_{t}$ , (2) $g(\cdot, z, w)$ , predictable(pre. ) .
$F;=\{h=h(s, z,w)$ : pre. $| \int_{0}^{t+}\int_{R^{\text{\’{e}}}}|h|N(dsdz)<\infty$ a.e. $\omega\}$ ,
$F^{2}$ $:=\{h=h(s, z,\omega)$ :pre. $| E_{P}[\int_{0}^{t}\int_{R^{d}}|h|^{2}ds\nu(dz)]<\infty\}$ ,
$F^{2,1oc}$ $:=$ { $h=h(s,$ $z,\omega)$ : pre. $|\exists\tau_{n}$ : $\Omega_{t}-\# 4h$ $\ovalbox{\tt\small REJECT} Js.t$ . $\tau_{n}\uparrow\inftyB^{aP}\supset 1_{[0,\tau_{n}]}(t)h\in F^{2}$}
6L\’evy-Ito .
73
. . (1) $f^{i}(t, \omega)$ $g^{i}(t,\omega),$ $i=1,$ $\ldots,$ $N$ , $\Omega_{t}$-adapted. 7 (2)
$E_{P_{\Omega}}[\int_{0}^{t}|f^{i}(s, \cdot)|^{2}ds]<\infty,$ (3) $g^{i}(\cdot,\omega)\in L_{1oc}^{1}(\mathbb{R})$ a.e. $\omega\in\Omega$ . (4) $h_{1}^{i}\in F,$ $h_{2}^{i}\in F^{2,1oc}$ .
$(\Omega, \mathcal{B}_{\Omega}, P_{\Omega})$ $X_{t}=(X_{t}^{1}, \ldots,X_{t}^{n})$ :
$X_{t}^{i}= \int_{0}^{t}f^{i}\cdot dB_{8}+\int_{0}^{t}g^{i}ds+\int_{0}^{t+}\int_{R^{d}}h_{1}^{i}N(dsdz)+\int_{0}^{t+}\int_{R^{d}}h_{2}^{i}\tilde{N}$ (dsdz). (2.10)
. Ito .
2.5 $X_{t}$ (2.10) $h_{1}^{i}h_{2}^{j}=0,$ $i\neq i$ .
$F\in C^{2}(\mathbb{R}^{n})$ .
$F(X_{t})-F(X_{0})$








‘\check ‘’ $=$ $H_{p}=-(1/2)\Delta+V$ $e^{-tH_{p}}$
Feynman-Kac , .
$V\in C_{0}^{\infty}(\mathbb{R}^{d})$ . Feynman-Kac
.
$(f,e^{-tH_{P}}.)= \int dxE^{x}[\overline{f(B_{0})}g(B_{t})e^{-\int_{0}^{t}V(B.)d\epsilon}]$ . (3.1)
, Ito ,
.




7 $t\geq 0$ $f^{:}(t, \cdot),$ $g^{:}(t, \cdot)$ $\Omega_{t}$ .
$\epsilon g_{P}[N(dsdz)]=ds\nu(dz)$.
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Feynman-Kac . (3.1) $e^{-tH_{p}}$ , $H_{p}$
. $e^{-tH_{p}}$ hypercontractivity $d\geq 3$
Lieb-Thirring [Lie80] .
, , (3.1) $V$
, (3.1) $C_{0}$ 9 $H_{p}$
$1$ . [Sim79] . Kato 11 Stummel
. $H_{p}$ ( )




. $\tilde{a}=(a_{1}, a_{2}, a_{3}),$ $a_{j}\in C_{0}^{\infty}(\mathbb{R}^{3})$ , . $a_{j}$
$R$ . $L^{2}(R^{3})$ 12
$H( \tilde{a}, V)=\frac{1}{2}(\tilde{p}-\tilde{a})^{2}+V$ (32)
$D(-\Delta)$ . $e^{-tH(\tilde{a},V)}$ .
$(f, e^{-tH(\delta,V)}g)= \int dxE^{x}[\overline{f(B_{0})}g(B_{t})e^{-\int_{0}^{t}V(B.)d\epsilon}e^{-i\int_{0}^{t}d(B.)odB}]$ . (3.3)
Feynman-Kac-Ito . 31
. (3.3) $(aarrow, V)$ . $V=V+-V_{-}$ Kato ,
$V_{-}$ Kato , $\tilde{a}\cdot\tilde{a},$ $\nabla\cdot\tilde{a}$ Kato $(\tilde{a}, V)$
(3.3) [BHL98]. $\nabla\cdot\tilde{a}$ $C_{0}^{\infty}(\mathbb{R}^{d})$ .
$|(f, e^{-tH(\vec{a},V)}g)|\leq(|f|, e^{-tH(\overline{0},V)}|g|)$ , $E( \tilde{a})=\inf\sigma(H(\tilde{a}, V))$
$E(\vec{0})\leq E(\vec{a})$ . . ,
.
3.3 $\vec{\sigma}$
$H(\tilde{a}, V)$ 1/2 . 2 $x2$
$\sim\sigma_{1}:=1001]\sigma_{2}$ $:=\{\begin{array}{l}0-i0i\end{array}\}$ , $\sigma_{3}$ $:=\{\begin{array}{l}0l0-1\end{array}\}$
$0S_{t}$ $c_{0}$ $So=1,$ $S_{l}S_{t}=S.+\tau$ $trightarrow S_{t}$ .
lOHillYoshida
11 $g(x)=\{\begin{array}{ll}|x| if d=1-\ln|x| if d=2 \text{ }. V \text{ } \lim_{rarrow 0}\sup_{x\in R^{d}}\int_{|x-y|\leq r}|g(y-x)V(y)|dy=0 \text{ } hto\end{array}$
$|x|^{2arrow d}$ if $d\geq 3$
. $\forall$ $K\subset \mathbb{R}^{d}$ $1_{K}V$ Kato $V$ Kato
.
$12\overline{p}=(-i\partial_{x_{1}}, -i\partial_{x_{2}}, -i\partial_{x_{3}})$ .
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, $\overline{\sigma}=(\sigma_{1}, \sigma_{2}, \sigma_{3})$ . $L^{2}(\mathbb{R}^{3};\mathbb{C}^{2})$ $H_{S}(\overline{a}, V)$
$H_{S}( \vec{a}, V)=\frac{1}{2}(\vec{\sigma}\cdot(\vec{p}-\vec{a}))^{2}+V=H(\vec{a}, V)-\frac{1}{2}\vec{\sigma}\cdot b\neg$ (3.4)
. $b=rot\vec{a}\sim$ . $H_{S}(\vec{a}, V)$ $D(-\Delta)$ . L\’evy
$e^{-tH_{S}(\tilde{a},V)}$ . $\sigma$ . 2
$\mathbb{Z}_{2}=Z/2\mathbb{Z}=\{-1, +1\}$
. $f=\{\begin{array}{l}f(+l)f(-1)\end{array}\}\in L^{2}(\mathbb{R}^{3};\mathbb{C}^{2})$ }
$(H_{S}( \vec{a}, V)f)(\sigma)=(H(\vec{a}, V)-\frac{1}{2}\sigma b_{1})f(\sigma)-\frac{1}{2}(b_{1}+i(-\sigma)b_{2})f(-\sigma)$, $\sigma\in \mathbb{Z}_{2}$ ,
$H_{S}(\tilde{a}, V)$ $L^{2}(\mathbb{R}^{3}\cross \mathbb{Z}_{2})$ . $C^{2}$- $L^{2}$
$\mathbb{C}$- $L^{2}$ . . $t$
counting $N_{s}=N(s,\mathbb{R}^{3}\backslash \{0\})$ , $dN_{\theta}= \int_{R^{d}\backslash \{0\}}N(dsdz)$
.
$\int_{0}^{t+}f(s, \sigma_{\epsilon-})dN_{\epsilon}=\sum_{0<r\leq t}f(r, \sigma_{r-})$
. r( ) .
$\sigma_{t}$ : $Z_{2}\cross Sarrow h$ , $(\sigma,w)rightarrow\sigma\cross(-1)^{N_{t}(w)}$
$(x, \sigma)\in \mathbb{R}^{3}\cross Z_{2}$ $(\Omega, \mathcal{B}_{\Omega}, P_{\Omega})$ $\mathbb{R}^{S}\cross$ Z2 $(\xi_{t})_{t\geq 0}=$
$(B_{t}, \sigma_{t})_{t\geq 0}$ . $E^{x,\sigma}[f((\xi_{t})_{t\geq 0})]=\int_{\Omega}f((B_{t}, \sigma_{t})_{t\geq 0})dP_{\Omega}^{x}$ . .
3.1 [ALS83] $T= \int_{0}^{t}ds\int_{R^{3}}\Pi_{s}(x-y)|\log\frac{1}{2}\sqrt{b_{1}(y)^{2}+b_{2}(y)^{2}}|dy<\infty$ . $f,$ $g\in$
$L^{2}$ ($R^{3}X$ Z2) , .
$(f,e^{-tH_{S}(\tilde{a},V)}g)=e^{t} \sum_{\sigma\in \mathbb{Z}_{2}}\int dxE^{x,\sigma}[\overline{f(\xi_{0})}g(\xi_{t})e^{Z_{t}}]$ . (3.5)
$Z_{t}=- \int_{0}^{t}(V(B_{l})-\frac{1}{2}B_{3}(B_{s})\sigma_{\epsilon})ds-i\int_{0}^{t}a\sim(B_{s})\circ dB_{\epsilon}+\int_{0}^{t+}W(B_{s}, \sigma_{s-})dN_{\epsilon}$ ,
$W(x, - \sigma)=\log(\frac{1}{2}$ ( $b_{1}$ (x)+i(-\mbox{\boldmath $\sigma$}) $(x)$ ) $)$ . (3.6)
: 3.1 $T<\infty$ $| E^{x,\sigma}[\int_{0}^{t+}W(B_{8}, -\sigma_{l})dN_{\epsilon}]|\leq 2T<\infty$ .
$S_{t}g(x,\sigma)=E^{x,\sigma}[e^{Z}g(\sigma_{t}, B_{t})]$
76
. $S_{t}$ $C_{0}$ , $K$
$S_{t}=e^{-tK}$ . $K$ . Ito
$\sigma_{t}-\sigma_{0}=\int_{0}^{+t}-2\sigma_{\epsilon-}dN_{s}$ (3.7)
. $U(x, \sigma)=-(1/2)b_{3}(x)\sigma$ . Ito (3.7)
$g(B_{t}, \sigma_{t})-g(x,\sigma)$





$= \int_{0}^{l}e^{Z}(\frac{1}{2}\Delta-ia[B_{\epsilon})\cdot\nabla+\frac{1}{2}(-i\nabla\cdot a)(B.)-\frac{1}{\ovalbox{\tt\small REJECT}^{2}}a(B_{\epsilon})^{2}-V(B_{\epsilon}))g(B.,$
$\sigma_{s})ds$
$+ \int_{0}^{t}e^{Z_{\iota}}(\nabla g(B_{s)}\sigma_{s})-ia(B_{s})g(B_{t)}\sigma_{l}))\cdot dB_{\epsilon}+\int_{0}^{t}e^{Z_{a}}(-U(B_{\epsilon},$$\sigma.))g(B_{\epsilon},$ $\sigma_{\epsilon})ds$
$\ovalbox{\tt\small REJECT}$–
$+ \int 0e^{Z_{--}}(g(B_{s},$$-\sigma_{\iota-})e^{W(B.,-\sigma_{-}.)}-g(B_{l2}\sigma_{\epsilon-}))dN_{\epsilon}\ovalbox{\tt\small REJECT} t+$ .
$E^{x,\sigma}[e^{Z_{t}}g(B_{t}, \sigma_{t})-g(x, \sigma)]=\int_{0}^{t}E^{x,\sigma}[G(s)]ds$ .
$G(s)$ $=e^{Z}[ \frac{1}{2}\Delta g(B_{s},\sigma_{s})-ia(B_{\epsilon})\cdot(\nabla g)(B_{s},\sigma_{8})$
$+(- \frac{1}{2}a(B_{f})^{2}-V(B_{\epsilon})+\frac{1}{2}(-i\nabla\cdot a)(B_{\epsilon})-U(B_{s}, \sigma_{\epsilon}))g(B_{\epsilon},\sigma_{s})]$
$+e^{Z.-}(g(B_{s}, -\sigma_{\epsilon-})e^{W(B.,-\sigma.-)}-g(B_{\epsilon}, \sigma_{\epsilon-}))$ , $s>0$ ,
$G(0)$ $=$ $( \frac{1}{2}\Delta-ia\cdot\nabla-\frac{1}{2}(i\nabla\cdot a)-\frac{1}{2}a^{2}-V-U(\cdot, \sigma)-1+e^{W(\cdot,-\sigma)})g(x, \sigma)$
$=$ $-(H_{S}(\vec{a}, V)+1)g(x,\sigma)$ .
77
$\lim_{tarrow 0}\frac{1}{t}(f, (S_{t}-1)g)=\lim_{tarrow 0}\frac{1}{t}\int_{0}^{t}ds\sum_{\sigma\in \mathbb{Z}_{2}}\int_{R^{3}}dx\overline{f(x,\sigma)}E^{x,\sigma}[G(s)]$
$= \sum\int_{n\}dx\overline{f}(x,\sigma)E^{x,\sigma}[G(0)]=(f, -(H_{S}(\tilde{a}, V)+1)g)$.
$\sigma\epsilon z_{2}$
$K=H_{S}(\tilde{a}, V)+1$ . qed












. $e^{-t\sqrt{-\Delta+m^{B}}}$ $F(p)=\sqrt{|p|^{2}+m^{2}}$ ,
22
$F(p)=+ \frac{1}{2}p\cdot Ap+i\beta\cdot p-\int(e^{ipz}-1-ipz)\nu(dz)$ (3.8)
. $A=O,$ $\beta=0,$ $\nu(dx)=2(m/2\pi)^{(d+1)/2}K_{(d+1)/2}(m|z|)|z|^{-(d+1)/2}dz$
. L\’evy-Khintchine $E_{P}[e^{1p\eta}]=e^{-tF(p)}$ L\’evy $(\eta_{t})_{t\geq 0}$
$e^{-t\sqrt{-\Delta+m^{B}}}f(x)=(2 \pi)^{-d/2}\int e^{-\iota F(p)}\hat{f}(p)e^{:}p_{l}dp=\bm{E}_{P}[f(x+\eta_{t})]$
13.
$(f, e^{-tH_{R}}g)=e^{+tm} \int dx\bm{E}_{P}[\overline{f(\mathfrak{R})}g(\eta_{t}+x)e^{-\int_{0}^{t}V(\eta.)de}]$
. $\backslash "$$\backslash$ $\tilde{a}$ ,
$\sqrt{(\tilde{p}-\tilde{a})^{2}+m^{2}}-m+V$ . ,
$\sqrt{(\tilde{p}-\tilde{a})^{2}+m^{2}}-m+V$ $H_{W}$ 14






















$m$ , m ( ) ( ) , $x=(t,\tilde{x})\in \mathbb{R}^{4},$ $\phi$






. $S_{r}’=S_{r}’(R^{d})$ $\backslash \nearrow^{\backslash }z$ . $\phi\in S_{r}’$ $f\in S_{r}$
$\phi(f)=\langle\phi, f\rangle\in \mathbb{R}$ . Bochner-Minlos $S_{r}’$
$\mu$
$\Sigma$ .
(1) $\Sigma=\sigma(\phi(f), f\in S_{r})$ , (2) $\int e^{:\phi(f)}d\mu=e^{-(1/4)||f||^{2}}$ .
$\phi(f)=\phi(\Re f)+i\phi(\Im f)$ , $\int|\phi(f)|^{2}d\mu=\frac{1}{2}||f||^{2}$
$f\in L^{2}(\mathbb{R}^{d})$ . $\emptyset(f)$ $\{\phi(f_{1})\cdots\phi(f_{n}), f_{j}\in L^{2}(\mathbb{R}^{d})\}$




$d \Gamma(w_{m}(-i\nabla)):\phi(f_{1})\cdots\phi(f_{n}):=\sum_{j=1}^{n}:\phi(f_{1})\cdots\phi(\omega_{m}(-i\nabla)f_{j})\cdots\phi(f_{n})$ : .
$d\Gamma(\omega_{m}(-i\nabla))1=0$ . $H_{f}=d\Gamma(\omega_{m}(-i\nabla))$ .
$\mathcal{H}_{N}=L^{2}(R^{d})\otimes L^{2}(S_{r}’)$ . $H_{N0}$
$H_{N0}=H_{p}\otimes 1+1\otimes H_{f}$
. Nelson $\mathcal{H}_{N}$ .
$H_{N}=H_{N0}+g \int_{R^{d}}^{\oplus}\phi(\tilde{\varphi}(x-\cdot))dx$, $g\in \mathbb{R}$ . (4.1)
$\mathcal{H}_{N}\cong\int_{R^{d}}^{\oplus}L^{2}(S_{r}’)dx$ . $\tilde{\varphi}=(\hat{\varphi}/\sqrt{w_{m}})\vee$ $\hat{\varphi}$
$\sqrt{\omega_{m}}\hat{\varphi},\hat{\varphi}/\omega_{m}\in L^{2}(\mathbb{R}^{d})$ . $H_{N}$ $H_{I}$ $e^{-tH_{N}}$
.
$e^{-tH_{N}}=s- \lim_{narrow\infty}(e^{-(t/n)H_{I}}e^{-(t/n)H_{p}\Phi 1}e^{-(t/n)1\Phi H_{f}})^{n}$
. $e^{-|t-s|H_{f}}=J_{t}^{*}J$ . .
. ,
$H_{\nu}(R^{n})=\{f|f(k)(|k|^{2}+m^{2})^{\nu/2}\in L^{2}(R^{n})\}$ .
$u_{l}=\sqrt{2}\delta_{\epsilon}\otimes\cdot$ : $H_{-1/2}(\mathbb{R}^{d})arrow H_{-1}(\mathbb{R}^{d+1})$ , $f\mapsto\sqrt{2}\delta(s-k_{0})\otimes f(k)$
. $(u_{\epsilon}f, u_{t}g)_{H_{-1}(R^{d+1}})=(f, e^{-|t-\epsilon|\omega(-|\nabla)}g)_{H_{-1/2}(R^{d})}$ . $u_{\epsilon}$
$L^{2}(R^{d})$ $L^{2}(R^{d+1})$ .
$\omega_{3}=\sqrt{w_{m}(k)}$ : $L^{2}(R^{d})arrow H_{-1/2}(\mathbb{R}^{d})$ ,
$\omega_{4}=\sqrt{\omega_{m}(k)^{2}+|k_{0}|^{2}}$ : $L^{2}(\mathbb{R}^{d+1})arrow H_{-1}(R^{d+1})$




$j_{s}=w_{4}^{-1}u_{s}\omega_{3}$ : $L^{2}(\mathbb{R}^{d})arrow L^{2}(\mathbb{R}^{d+1})$
. 3 .
$\overline{j_{t}f}(k, k_{0})=\frac{e^{-itk_{0}}}{\sqrt{\pi}}\sqrt{\frac{\omega_{m}(k)}{\omega_{m}(k)^{2}+|k_{0}|^{2}}}\hat{f}(k)$, $(k, k_{0})\in \mathbb{R}^{d}\cross \mathbb{R}$ ,
$j_{t}^{*}j_{8}=e^{-|t-s|w_{m}(-\nabla)}$ . $j_{t}$ 2 .
$J_{t}1=1$ , $J_{t}:\phi(f_{1})\cdots\phi(f_{n}):=:\phi_{E}(j_{t}f_{1})\cdots\phi_{E}(j_{t}f_{\mathfrak{n}})$ :
$e^{-|t-s|H_{f}}=J_{t}^{*}J_{\epsilon}$ . $\phi_{E}(F)=\langle\phi_{E}, F\rangle,$ $\phi_{E}\in$
$S_{r}’(R^{d+1}),$ $F\in S_{r}(\mathbb{R}^{d+1})$ . $L^{2}(S_{r}’(\mathbb{R}^{d}), d\mu)$
$L^{2}(S_{r}’(R^{d+1}), d\mu_{E})$ , $\phi_{B}(F)$ $F\in L^{2}(\mathbb{R}^{d+1})$ .
4.1 $[BHLMS02]F,$ $G\in \mathcal{H}_{N}$ . .
$(F,e^{-tH_{N}}G)= \int dxE^{x}[\int d\mu_{E}\overline{J_{0}F(B_{0})}(J_{t}G(B_{t}))e^{-\int_{0}V(B.)d\epsilon}e^{-\int_{0}^{t}\phi_{B}(j.\tilde{\varphi}(\cdot-B.))d\epsilon}]$ . (4.2)
:
$(F, e^{-H_{N}}G)= \lim_{narrow\infty}(J_{0}F,$ $(J_{0}e^{-,{}_{\overline{\iota}}H_{p}}e^{-A_{H_{I}}}J_{0}^{*})(J_{\overline{n}}e^{-\frac{t}{n}H_{p}}e^{-\frac{}{n}H_{I}}J_{\frac{*}{n}})\cdots(-n\iota_{H_{p}H_{I}}n$
. $E_{\epsilon}=J_{s}J_{8}^{*}$ $e^{-tH_{P}}$ Feynman-Kac
. qed
4.1 $F,$ $G\in \mathcal{H}$ $F,$ $G:x-\rangle$ $F(x),$ $G(x)\in L^{2}(S_{r}’)$ . (4.2)
$e^{-\int_{0}^{t}V(B.)d\epsilon}e^{-\int_{0}^{l}\phi p(j.\dot{\varphi}(\cdot-B.))d\epsilon}>0$ $e^{-tH_{N}}$ .
Perron-Frobenius .
4.2 $H_{N}$ $\varphi_{g}$ $\varphi_{g}>0$ .
.
(4.2) [SPo99].
$f\geq 0$ $(\varphi_{g}, f\otimes 1)>0$ , $S$
$( \varphi_{g}, S\varphi_{g})=\lim_{tarrow\infty}\frac{(e^{-tH_{N}}f\otimes 1,Se^{-tH_{N}}f\otimes 1)}{||e^{-tH_{N}}f\otimes 1||^{2}}$ (4.3)
. (4.3) $S=1\otimes e^{-\beta N},$ $\beta\geq 0$ , . $N=d\Gamma(1)$
. $\phi_{E}(F)$ $(e^{-tH_{N}}f\otimes 1, (1\otimes e^{-\beta N})e^{-tH_{N}}f\otimes 1)$
$d\mu_{E}$ .
$( \varphi_{g},e^{-\beta N}\varphi_{g})=\lim_{Tarrow\infty}\int_{C(R;R^{d})}e^{-(g^{2}/2)(1-e^{-\beta})\int_{-T}^{O}dt\int_{0}^{T}d\epsilon W(t-\epsilon,B.-B_{l})}d\mu_{T}$.
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$d \mu_{T}=\frac{1}{Z_{2T}}e^{\int_{-T}^{T}V(B_{*})ds}e^{g^{2}/4\int_{-T}^{T}dt\int_{-T}^{T}dtW(t-s,B_{t}-B_{*})}dP^{0}$
, $(B_{t})_{t\geq 0}$ $t=0$ $\mathbb{R}$ , $P^{0}$
$C(\mathbb{R};\mathbb{R}^{d})=C((-\infty, 0$] $;\mathbb{R}^{d}$ ) $\cross C([0, \infty);\mathbb{R}^{d})$ $C(\mathbb{R};\mathbb{R}^{d})$ . $W$
2 .
$W(t,X)= \int_{R^{d}}\frac{\hat{\varphi}(k)^{2}}{\omega_{m}(k)^{2}}e^{-|t|w(k)_{m}}e^{ik\cdot X}dk$.
4.3 [BHLMS02] $\int_{R^{d}}|\hat{\varphi}(k)|^{2}/\omega_{m}(k)^{3}dk<\infty$ . $d\mu\tau$
$d\mu_{\infty}$ , .
$( \varphi_{g}, (1\otimes e^{-\beta N})\varphi_{g})=\int_{C(R;R^{\delta})}e^{-(g^{2}/2)(1-\epsilon^{-\beta})\int_{\infty}^{\underline{0}}dt\int_{0}^{\infty}d\epsilon W(t-\epsilon,B.-B)}d\mu_{\infty}$. (4.4)
$| \int_{-\infty}^{0}dt\int_{0}^{\infty}dsW(t-s, B_{l}-B_{t})|\leq\int_{B^{d}}\frac{|\hat{\varphi}(k)|^{2}}{\omega_{m}(k)^{3}}dk$ (4.5)
. $\int|\hat{\varphi}(k)|^{2}/\omega_{m}(k)^{3}dk$ . 43
$\beta$ , . $\mu_{\infty}$
( ) $\beta$ . [BHLMS02].
(1) $(\varphi_{g}, (1\otimes e^{-\beta N})\varphi_{g})$ $\beta$ $\mathbb{C}$ .
$(\varphi_{g}, (1\otimes e^{-\beta N})\varphi_{g})$ (4.4) .
(2) $\varphi_{g}\in D(1\otimes e^{-\beta N}),$ $\forall\beta\in \mathbb{C}$ .
(3) $( \varphi_{g}, (1\otimes N)\varphi_{g})=\frac{d}{d\beta}(\varphi_{g}, (1\otimes e^{-\beta N})\varphi_{g})\lceil_{\beta-}\triangleleft$





$N$ $\sigma(N)=N^{x}$ $\varphi_{g}=\oplus_{n=0}^{\infty}\varphi_{g}^{(n)}$ . (2)






Nelson weak coupling limit ,
. [LHBG07] .




. $B=B(x, t)$ , $E=(x, t)$ . $q_{j}=q_{j}(t)\in \mathbb{R}^{d},$ $j=1,$ $\ldots,$ $N$,
$t$ $i$ .
.
$\dot{B}=-\nabla xE$, $\dot{E}=\nabla xB-e\sum_{j=1}^{N}\varphi(\cdot-q_{j})\dot{q}_{j}$ ,
$\nabla\cdot B=0$ , $\nabla\cdot E=e\sum_{j=1}^{N}\varphi(\cdot-q_{j})$ .
\varphi . . $\int\varphi(x)dx=1$ . $A=A(x, t)$
$B=\nabla xA$ , $\phi=\phi(x, t)$ $E=-A-\nabla\phi$




$H_{c1}= \frac{1}{2}\sum_{j=1}^{N}(p_{j}-e\int A(x)\varphi(x-q_{j})dx)^{2}+\frac{1}{2}\int A^{2}+(\nabla xA)^{2}dx+\frac{1}{2}e\sum_{j=1}^{N}\int\phi(x)\varphi(x-q_{j})dx$
. $p_{j}$ $q_{j}$ , $\Delta\phi=-e\sum_{i=1}^{N}\varphi(\cdot-q_{i})$ $d=3$
$\frac{1}{2}e\sum_{j=1}^{N}\int\phi(x)\varphi(x-q_{j})dx=\frac{e^{2}}{8\pi}\sum_{:\neq j}^{N}\int\int\frac{\varphi(q_{1}-y)\varphi(q_{j}-y’)}{|y-y|}dydy’$ (4.6)
.
Pauli-Fierz $H_{d}$ $A$ .
. . $\phi(f)$ . $Q=$
$\vee S_{r}x\cdots\cross S_{r}$ $\mathcal{A}(f)=(\mathcal{A},$
$f\rangle$ , $\mathcal{A}\in Q’,$ $F\in Q$ . Bochner-Minlos $Q’$
$\Sigma_{Q}$
$\mu_{A}$ .




. $\phi(f)$ $\mathcal{A}(f)$ $f\in\oplus^{d}L^{2}(\mathbb{R}^{d})$ .
$\mathcal{A}(f)$ $\{\mathcal{A}(f_{1})\cdots \mathcal{A}(f_{n}), f_{j}\in\oplus^{d}L^{2}(\mathbb{R}^{d})\}$ $L^{2}(Q’)$ .
$A_{\mu}(f)=\mathcal{A}(0\oplus\cdots f\mu\ldots\oplus 0),$ $f\in L^{2}(\mathbb{R}^{d})$ , .
$\omega(k)=|k|$ $L^{2}(\mathbb{R}^{d})$ . $\omega_{m=0}(k)$ .
$m$ .
$m=0$ . .
$\hat{\varphi}(0)\neq 0$ , $\int|\hat{\varphi}(k)|^{2}/\omega(k)^{3}dk$ $d=3$
.
$H_{rd}$ : $L^{2}(Q’)arrow L^{2}(Q’)$ .
$H_{rad}: \mathcal{A}(f_{1})\cdots A(f_{n}):=\sum_{j=1}^{n}:\mathcal{A}(f_{1})\cdots\phi(\omega(-i\nabla)f_{j})\cdots A(f_{n}):$ .
$H_{rad}1=0$ . $\mathcal{H}_{PF}=L^{2}(\mathbb{R}^{d})\otimes L^{2}(Q’)$ .
$H_{PF0}=H_{p}\otimes 1+1\otimes H_{rad}$
$i \nabla_{\mu}\otimes 1arrow T_{\mu}=-i\nabla_{\mu}\otimes 1-e\int^{\oplus}\mathcal{A}_{\mu}(\tilde{\varphi}(\cdot-x))dx\mu=1,2,3$ ,
Pauli-Fierz $H_{PF}$ .
$H_{PF}= \frac{1}{2}T\cdot T+V\otimes 1+1\otimes H_{rad}$ . (4.7)
HPF $D(-\Delta\otimes 1)\cap D(1\otimes H_{rad})$ . ,
[HirOOb, Hir02]. $e^{-tH_{PF}}$ .
4.4 [Hir97, FFG97] $F,$ $G\in \mathcal{H}_{PF}$ . .
$(F,e^{-tH}G)= \int dxE^{x}[\int d\mu_{AE}\overline{J_{0}F(B_{0})}(J_{t}F(B_{t}))e^{-\int_{0}^{t}V(B.)d\epsilon}e^{-i\epsilon\int_{0}^{t}A_{B}(j.\overline{\varphi}(\cdot-B.))dB_{*]}}$ (4.8)
$j_{t}$ : $L^{2}(\mathbb{R}^{d})arrow L^{2}(\mathbb{R}^{d+1})$ $J_{t}$ : $L^{2}(Q’, d\mu_{A})arrow L^{2}(Q_{E}’, d\mu_{AE})$
. $\mathcal{A}_{E}$ $\mathcal{A}$
. . [Hir97] .
. $e^{-tH_{PF}}$ .
phase
’ $S_{t}= \exp(-ie\int_{0}^{t}\mathcal{A}_{E}(j_{\epsilon}\tilde{\varphi}(\cdot-B_{s}))\cdot dB_{s})=\exp(-ie\mathcal{A}_{E}(\oplus_{\mu}\int_{0}^{t}j_{l}\tilde{\varphi}(\cdot-B_{s})dB_{8}^{\mu}))$
(4.9)
$F\geq 0,$ $G\geq 0$ $(F, e^{-tH_{PF}}G)>0$ . $\theta=e^{-i(\pi/2)N}$
$(F, \theta^{-1}e^{-tH_{PF}}\theta G)>0$ . $\theta^{-1}S_{t}\theta$
17. .
17 , . $J_{0}^{\cdot}\theta^{-1}S\theta J_{t}$
.
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4.5 [HirOOa] HPF . $e^{i(\pi/2)N}\varphi_{g}>0$
$\varphi_{g}$ .
$\varphi_{g}=\varphi_{g}(x, \mathcal{A})$ $x\in \mathbb{R}^{d}$ Carmona [Hir04] .
$E( \mathcal{A})=\inf\sigma(H_{PF})$ $|(F, e^{-tH_{PF}}G)|\leq(|F|, e^{-tH_{PF0}}|G|)$
$E(0)\leq E(\mathcal{A})$ (4.10)






Nelson 2 2 . $(\varphi_{g}, (1\otimes e^{-\beta N})\varphi_{g})$
$( \varphi_{g}, (1\otimes e^{-\beta N})\varphi_{g})=\lim_{Tarrow\infty}$
C(R; )
$e^{+(e^{2}/2)(1-e^{-\beta})\Sigma_{\mu\nu}\int_{-T}^{0}dB^{\mu}\int_{0}^{T}dB^{\nu}W_{\mu.\nu}(t-\epsilon,B_{1}-B.)}d\mu_{AT}(4.11)$
Nelson [Hir04]. $\mu_{AT}$ $Tarrow\infty$
[BH07] . (4.11) $[HL07b]$ .
4.3 Fauli-Fierz
Pauli-Fierz $\mathcal{H}_{PF}^{S}=L^{2}(\mathbb{R}^{3};\mathbb{C}^{2})\otimes L^{2}(Q’)$
$H_{PF}^{S}= \frac{1}{2}\sum_{\mu=1}^{3}(\sigma_{\mu}T_{\mu})^{2}+V\otimes 1+1\otimes H_{r\epsilon d}=H_{PF}-\frac{1}{2}\int^{\oplus}\tilde{\sigma}\cdot \mathcal{B}(\tilde{\varphi}(\cdot-x))dx$ (4.12)
. $\mathcal{B}(\tilde{\varphi}(\cdot-x))=rot_{x}\mathcal{A}(\tilde{\varphi}(\cdot-x))$ . $e^{-tH_{PP}^{s}}$
$H_{S}(\tilde{a}, V)$ $\sigma\in \mathbb{Z}_{2}$ .
$(H_{PF}^{S}F)( \sigma)=(H_{PF}-\frac{e}{2}\sigma \mathcal{B}_{3})F(\sigma)-\frac{e}{2}(\mathcal{B}_{1}+i(-\sigma)\mathcal{B}_{2})F(-\sigma)$
, $H_{PF}^{S}$ $L^{2}(R^{3}\cross Z_{2})\otimes L^{2}(Q’)$ . .
4.6 $[HL07a]F_{)}G\in L^{2}(\mathbb{R}^{3}X\mathbb{Z}_{2})\otimes L^{2}(Q’)$ . .




$\mathcal{B}_{B}(j_{s}\tilde{\varphi}(\cdot-x))=rot_{x}A_{E}(j_{l}\tilde{\varphi}(\cdot-x))$ . } $[k]_{e}=K+\epsilon\psi_{\epsilon}(K),$ $\psi_{\epsilon}:.=\{\begin{array}{ll}1, |x|<\epsilon/2,0, |x|\geq\epsilon/2.\end{array}$
4.7 (1) (4.13) .
$E_{8}=J$ $J_{s}^{*}$ Hypercontractivity . $[HL07a]$ .
(2) $X_{t}^{\epsilon}$ $[]$ [ $\cdot$ .
$P=\mathcal{B}_{E,1}(j_{\ell}\tilde{\varphi}(\cdot-B_{\epsilon}))+i(-\sigma_{\epsilon})\mathcal{B}_{E,2}(j_{\epsilon}\tilde{\varphi}(\cdot-B_{\epsilon}))=0$ $\int\log[P]_{\epsilon}dN_{s}=\log\epsilon^{N_{l}}$





$E(H_{PF}^{S})=E(\mathcal{A}, \mathcal{B}_{1}, \mathcal{B}_{2}, \mathcal{B}_{3})$ , $\mathcal{A}$ $\mathcal{B}$




$H_{\iota b}=\epsilon\sigma_{1}\otimes 1+\alpha\sigma_{3}\otimes\phi(h)+1\otimes H_{f}$, $\epsilon,\alpha\in R$ , (4.15)
. $\sigma\in \mathbb{Z}_{2}$ $H_{\epsilon b}$
$(H_{\epsilon b}\Psi)(\sigma)=(H_{f}+\alpha\phi(h))\Psi(\sigma)-e^{i\pi+\log\epsilon}\Psi(-\sigma)$
! . .
4.8 $[HH07]$ $\Phi,$ $\Psi\in \mathbb{C}^{2}\otimes L^{2}(S_{r}’)$ . .
$( \Phi,e^{-tH_{b}}\cdot\Psi)=e^{t}\sum_{\sigma\in Z_{2}}E_{P}^{\sigma}[\int d\mu_{E}\overline{J_{0}\Phi(\sigma_{0})}e^{-\alpha\phi_{B}}(\int_{0}^{t}\sigma.j.hd\epsilon)_{(-\epsilon)^{N}J_{t}\Psi(\sigma_{l})]}$ . (4.16)
48 $e^{-tH_{b}}$. $H_{PF}^{S}$ . $H_{\epsilon b}$ $\epsilonrightarrow-\epsilon$
. $\epsilon<0$ (4.16) $e^{-tH_{b}}$.










Nelson $V$ . $P_{f}=d\Gamma(-i\nabla)$
, $P_{T}=-i\nabla\otimes 1+1\otimes P_{f}$
$[H_{N}, P_{T}]=0$
. $[e^{itP_{\Gamma}} , e^{-\epsilon H_{N}}]=0$ . $H_{N}$
. .
$\mathcal{H}_{N}\cong\int_{R^{d}}^{\oplus}L^{2}(S_{r}’)dP$, $H_{N} \cong\int_{n^{d}}^{\oplus}H_{N}(P)dP$, $H_{N}(P)= \frac{1}{2}(P-P_{f})^{2}+g\phi(\tilde{\varphi})+H_{f}$ .
$H_{N}(P),$ $P\in R^{d}$ , $D(H_{f})\cap D(P_{f}^{2})$ . $e^{-tH_{N}(P)}$
.
5.1 [Hir07] $\Phi,$ $\Psi\in L^{2}(S_{r}’)$ . .
$( \Phi, e^{-tH_{N}(P)}\Psi)=E^{0}[e^{:P\cdot B_{2}}\int d\mu_{E}\overline{J_{0}\Phi}(J_{t}e^{-\cdot P_{f}\cdot B}{}^{t}\Phi)e^{-g\int_{0}^{t}\phi_{B}(\hat{\varphi}\langle\cdot-B.))d\epsilon}]$ (5.1)
: $\Pi_{\epsilon}$ . $F_{\epsilon}=\Pi_{\epsilon}\otimes\Phi,$ $G_{r}=\Pi_{r}\otimes\Psi$ $(F_{s}, e^{-tH_{N}}e^{-i\zeta\cdot P_{P}}G_{r})$
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$(F_{\epsilon}, e^{-tH_{N}}e^{-k^{P}r}G_{r})= \int dxE^{x}[\Pi_{s}(B_{0})\Pi_{r}(B_{t}-\xi)\int d\mu_{E}\overline{J_{0}\Phi}(J_{t}e^{-\not\in\cdot P}{}^{t}\Psi)e^{-g\int_{0}^{t}\phi_{B}(\overline{\varphi}(\cdot-B.))d}]$
(5.2)
.
$(F_{\epsilon},e^{-tH_{N}}e^{-\not\in\cdot Pr}G_{r})= \int_{R^{d}}dPe^{-\not\in P}(F_{s}(P),e^{-tH_{N}(P)}G_{r}(P))$ (5.3)
. $F_{\theta}(P)=(2 \pi)^{-d/2}\int e^{-ix\cdot(P-P_{2})}\Pi_{s}(x)\Psi dx$ . $G_{r}(P)$ . $sarrow 0$
$F_{l}(P)arrow(2\pi)^{-d/2}\Phi,$ $\Pi_{\epsilon}(x-y)arrow\delta(x-y)$ , (5.2) (5.3) $sarrow 0$
$\frac{1}{(2\pi)^{d/2}}\int_{R^{d}}dP(\Phi,e^{-tH_{N}(P)}G_{r}(P))e^{-*\cdot P}$




$= \frac{1}{(2\pi)^{d/2}}\int d\xi e^{i\xi\cdot P}E^{0}[\Pi_{r}(B_{t}-\xi)\int d\mu_{E}\overline{J_{0}\Phi}(J_{t}e^{-i\xi\cdot P}{}^{t}\Psi)e^{-g\int_{0}^{l}\phi_{E}(\tilde{\varphi}(\cdot-B_{*}))ds}]$ (5.5)
. $rarrow 0$ (5.1) . qed
$H_{N}(P)$ $L^{2}(S_{r}’)$
.
exp $(iP\cdot B_{t})$ (5.6)
phase . $E(P)=$
$inf\sigma(H_{N}(P))$ $E(0)\leq E(P)$ . $e^{-iP_{f}\cdot B_{t}}$ .
$P=0$ (5.6) phase $1(>0)$ $e^{-tH_{N}(P=0)}$ .







$\mathcal{H}_{PF}\cong\int_{R^{d}}^{\oplus}L^{2}(Q’)dP$, $H_{PF} \cong\int_{R^{d}}^{\oplus}H_{PF}(P)dP$, $H_{PF}(P)= \frac{1}{2}(P-P_{f}-e\mathcal{A}(\tilde{\varphi}))^{2}+H_{rad}$
. $H_{PF}(P)$ $\forall P\in \mathbb{R}^{d},$ $\forall e\in \mathbb{R}$ $D(H_{rad})\cap D(P_{f}^{2})$
[Hir07, LMS07]. $e^{-tH_{PF}(P)}$ .
5.2 [Hir07] $\Phi,$ $\Psi\in L^{2}(Q’)$ . .
$( \Phi, e^{-tH_{PF}(P)}\Psi)=E^{0}[e^{iP\cdot B_{l}}\int e^{-1\epsilon\int_{0}^{l}A_{B}0}\cdot\overline{\varphi}(\cdot-B_{\delta}))\cdot dB$ . (5.7)
Nelson $H_{N}(P)$ . (5.7)
$J_{0}^{*} \exp(i\int_{0}^{t}(P-P_{Bf}-e\mathcal{A}_{E}(j_{\epsilon}\tilde{\varphi}(\cdot-B_{s})))\cdot dB_{\epsilon})J_{t}$
. $P_{Bf}$ .
(5.7) $e^{:P\cdot B_{t}}$ , $P=0$ . $e^{-i\epsilon\int_{0}^{t}A(j.\tilde{\varphi}(\cdot-B.))\cdot dB}$.
$\theta=e^{-i(\pi/2)N}$ ,
.
5.3 [Hir07] $\theta^{-1}e^{-tH_{PF}(P=0)}\theta$ . $H_{PF}(P=0)$
.
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Nelson $H_{N}(P)$ $H_{PF}(P)$ $P\neq 0$
. $|P|,|e|$ [$Hir05a$, HSOI]
. $\int|\hat{\varphi}(k)|^{2}/\omega(k)^{3}dk=\infty$ $P\neq 0$
[CheOl, HH06]. $e\in \mathbb{R}$ $H_{PF}(P=0)$
53 . $inf\sigma(H_{PF}(P))=E(P, A)$
$0=E(O, O)\leq E(O, \mathcal{A})\leq E(P, \mathcal{A})$ , $P\in \mathbb{R}^{3}$ , (58)
. Nelson (5.8)
$H_{PF}(P)$ $\theta$ .
$P=0$ $\varphi_{g}(O)$ $(\varphi_{g}(0), 1)>0$




$V=0$ $H_{PF}^{S}$ . $H_{PF}^{S}$
$\mathcal{H}_{PF}^{S}\cong\int_{R^{3}}^{\oplus}\mathbb{C}^{2}\otimes L^{2}(Q’)dx$ , $H_{PF}^{S}= \int_{R^{3}}^{\oplus}H_{PF}^{S}(P)dP$ ,
$H_{PF}^{S}(P)= \frac{1}{2}(\tilde{\sigma}\cdot(P-P_{f}-\mathcal{A}(\tilde{\varphi})))^{2}+H_{f}$
. .
5.4 $[HL07a]\Phi,$ $\Psi\in L^{2}(Q’\cross z_{2})$ . .
$( \Phi, e^{-tH_{PF}^{s}(P)}\Psi)=\lim_{\epsilonarrow 0}e^{t}\sum_{\sigma\in Z_{2}}E^{0,\sigma}[e^{iP\cdot B_{t}}\int\overline{J_{0}\Phi(\sigma)}e^{X_{*}(t)}J_{t}e^{-iP_{f}\cdot B}{}^{t}\Psi(\sigma_{t})d\mu_{E}]$ . (5.9)
$inf\sigma(H_{PF}^{S}(P))=E(P,\mathcal{A}, \mathcal{B}_{1}, \mathcal{B}_{2}, \mathcal{B}_{3})$ , (5.9) $E(O, 0)\leq$
$E(P, \mathcal{A})$ .
$\max\{E(0,0,$ $\sqrt{\mathcal{B}_{i}^{2}+\mathcal{B}_{j}^{2}},0,$ $\mathcal{B}_{k}),$ $(i,j, k)=(1,2,3)$ } $\leq E(P, \mathcal{A}, \mathcal{B}_{1}, \mathcal{B}_{2}, \mathcal{B}_{3})$ .
(5.10)
6
(1) Nelson $H_{N}$ $\hat{\varphi}arrow(2\pi)^{-d/2}$ $H_{\infty}$ [Ne164].
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